A preliminary evaluation of the hydrogen socioeconomic impact in the European Union energy economy has been performed for 2030 and beyond. Two different sets of hypotheses for hydrogen penetration have been considered: high and low penetration scenarios. For each scenario the hydrogen deployment into stationary and transportation sectors has been studied, and the resulting reduction of CO2 emissions has been evaluated. For both scenarios the major technical, social, and economic impacts deriving from the introduction of hydrogen into the European energy system are also discussed.
sidered by scientists as the maximum acceptable value in order to minimize longterm effects.
The Intergovernmental Panel on Climate Change (IPCC) has predicted that without a strong policy against the greenhouse effect and in the presence of an increased energy demand, mostly based on fossil fuels, world CO 2 emissions will triple in this century, going from 7.1 Gtons of carbon (GtC) in 1990 up to more than 20 GtC in 2100. Consequently, the CO 2 concentration in the atmosphere will reach about 700 ppm.
From this perspective the Kyoto Protocol of 1997 represents the first international common action toward GHG emission control, but even if its target is difficult to achieve, it is just the initial step on a long road.
The Kyoto target for the European Union (EU) is to reduce, from 2008 to 2012, GHG emissions to 8% below the 1990 level. In terms of total emissions, the reduction should be about 350 Mt CO 2 eq/yr.
In 1998, CO 2 emissions from the EU were at approximately the same level as in 1990, and according to data released for 2000 (Environmental Energy Agency, 2002) , the EU is able to achieve its original commitment to stabilize carbon dioxide emissions at 1990 levels. This success might suggest that the EU will be on track to achieve its Kyoto target and even more ambitious emission reductions in the long term. This is far from being the case. In fact, the outlook on European CO 2 emission increases (EU30) after Kyoto gives 18% in 2020 and 31% in 2030 (compared to 1990 levels); consequently, even a CO 2 concentration stabilization at the Kyoto target means, for the EU, a very strong effort in the long term.
Actually, in Europe the energy demand has been growing at a rate of about 1-2% per year; in absolute terms, households and tertiary sectors are the biggest energy consumers, together with the transport sector. In spite of a reduction of the energy intensity (more energy saving, more efficiency in end-uses), the rising demand for higher levels of comfort has led to a higher average consumption per capita. Beyond 2010, the energy consumption trend is expected to continue to increase, at least up to 2020. Therefore, in order to meet the European Commission's EU30 CO 2 emission reduction target of 1% per year up to 2020, long-term changes in energy production and consumption patterns (power plants, buildings, transport, etc.) would be required. The main issue is that these patterns have to be determined by decisions taken in the short term; that is, reducing future energyrelated emissions requires policy action now, but it is very hard to reach the necessary consensus.
The reduction in energy-related GHGs over the last decade was achieved through considerable efficiency improvements by the manufacturing and energy supply sectors, mostly offset by the growth in the transport sector. In the future the required reduction of GHG emissions needs substantial modification in the conversion and utilisation of different energy sources, which can be only achieved by adopting one or more of the following solutions: (1) efficiency improvement, with reduction of fossil fuel consumption (short term); (2) use of low-carbon or carbon-free energy sources (natural gas, renewable, nuclear); (3) separation and sequestration of the CO 2 produced from fossil fuels.
Efficiency improvement, low-carbon fuels, and renewable energy sources will not be sufficient by themselves to stabilize atmospheric CO 2 concentrations since fossil fuels will continue to represent the largest part of the energy demand (from 50 to 70% in 2050) (International Institute for Applied Systems Analysis -World Environment Center, 1998) (available at http://www.iiasa.ac.at/cgi-bin/ ecs/book_dyn/bookcnt.py).
The energy sector is also a major source of atmospheric pollutants in addition to CO 2 . Measures taken to reduce atmospheric pollution from energy use have been, to date, successful. The measures include the introduction of catalytic converters, the use of pollution abatement technologies in the energy production plants, new and more demanding rules and standards for the pollution prevention and control, etc. Fuel switching from coal and oil to natural gas has also made an important step toward the reduction of atmospheric pollution.
In the electricity sector, more than half of the reductions in emissions of sulfur dioxide and nitrogen oxides resulted from the introduction of emission-specific abatement measures: about a quarter from changes in the fossil fuel mix, and the rest from improved efficiency of fossil-fuelled electricity production and increased shares of nuclear and renewables.
Despite significant improvements between 1990 and 1999, transport remains by far the largest source of NO x (60% of total emissions) and the main energyrelated source of nonmethane VOCs (37% of total emissions). The downward trend in road transport emissions should be maintained in the future through the increasingly stringent standards for vehicle exhaust emissions set in the Euro I, II, III, and IV standards for cars and trucks.
Security of Energy Supply
Recent analyses (see Fig. 1 ) about the future of the dependence of the EU on external energy sources clearly showed the following:
• The EU supply will become increasingly dependent on non-EU countries; EU enlargement will not change the situation. On the basis of current forecasts, dependence will reach 70% in 2030.
• The EU has very limited possibility to influence energy supply conditions; it is essentially on the demand side that the EU can intervene, mainly by promoting energy saving in buildings and in the transport sector.
While industrial demand for energy has been relatively stable, as a result of the transition to a service-oriented economy, demand for electricity, transport, and heat from households and the tertiary sector has continuously increased. On the other hand, EU energy resources are limited, and despite the considerable progress made in tapping conventional energy reserves in Europe, their levels remain low, and extraction is expensive.
In this situation the overall EU energy dependence, reduced from 60% in 1973 to 50% in 1999, is likely to rise once again, reaching 70% in 2030. Given the external risk factors present, the best guarantee of security on energy supply is clearly to maintain a high diversification level of the energy sources and supplies.
Why Hydrogen?
The solution for both the aspects of emission control and security of energy supply could be found in adopting an energy carrier that
• is emission-free in the final use, while pollutant emission can be heavily reduced during the production processes • can be obtained from a variety of different primary sources (fossil, renewable, nuclear) 306 F. DI MARIO et al.
FIGURE 1 EU30 total energy (in million tons of oil).
• can be utilized in different applications (transportation, electricity production, etc.), not producing any pollutants. To date, only electric energy and hydrogen have these characteristics.
Unfortunately, hydrogen is not present on Earth in elemental form. It is possible to produce hydrogen from water, both by conventional electrolysis and advanced high-temperature processes; nuclear or solar energy can be used as a heat source for H 2 -producing processes, biomass can be gasified to obtain hydrogen, etc. In the long term, hydrogen could be produced by renewable energy sources once related technologies are completely ready to meet the required energy demand, while in the short term the main viable option is the hydrogen production from fossil fuels. The energy sources available for hydrogen production are shown in Figure 2 , while Figure 3 shows how a future hydrogen-based energy structure could look.
Currently, most hydrogen (worldwide, about 500 billion Nm 3 /yr) is derived from fossil fuels, mainly natural gas. Production technologies (steam reforming, partial oxidation, gasification) are already commercial, but they are susceptible to further improvement by both the energy and environmental points of view. Production from fossil fuel could be considered as a technological bridge toward new production processes from renewables and "new" nuclear, expected viable in the long term. The development in the following decades of technologies for distribution and utilisation of fossil fuel hydrogen will be the basis for the introduction of these CO 2 -free production technologies in the long term. For the above rea- sons, most of the major research and development programs in the energy field are looking at hydrogen as an energy carrier and at the development of its related technologies, especially to overcome the barriers that prevent its large market deployment.
With these hypotheses the first step has been the creation of a simple forecast model and a reference scenario. The forecasts of the green paper (European Commission, 2000) are the main input data for the model that estimates the parameters characterizing the baseline through the use of spreadsheets. Starting from the baseline scenario and making specific hypotheses on H 2 introduction, it is then possible to evaluate what could happen in the EU30 whenever the H 2 option is applied. To this end, two different scenarios for hydrogen penetration have been considered, as follows:
• a "high hydrogen penetration" scenario (scenario A), in which, in the framework of policies respecting environmental constraints and security of energy supply, the hydrogen introduction is acknowledged to be an important measure, even in the mid-term. Significant economic resources have to be invested already in the short term for an early development of hydrogen technologies. These investments will foster a wide H 2 diffusion in the market.
• a "low hydrogen penetration" scenario (scenario B), in which the evolution of H 2 is smoother and mainly led by choices of the market. Even if the society is caring of sustainability, there is not a strong effort toward diffusion of hydrogen in 2030, whose role is much more limited than in the former scenario.
METHODOLOGY
The aim of this article is to give a preliminary evaluation of the socioeconomic impacts consequent to the introduction of increasingly large shares of hydrogen as an energy carrier in the European energy economy. The study is based on a set of hypotheses.
• The governments of the United Nations (and, of course, the ones of the EU) have decided to adopt commonly agreed upon policies and measures against the increase of greenhouse gas concentrations in the atmosphere.
• As general framework, the IPCC scenario has been taken as a reference as it better fits the long-term stabilization of CO 2 concentrations at 550 ppm.
• Under the above scenario, a lot of viable measures are possible. The introduction of hydrogen as an energy carrier is just one of these. The main assumption is that in each hydrogen penetration scenario, the limits for CO 2 global concentration are respected anyway, in order to allow an economic comparison among the different competing technologies.
• The reference year assumed is 2030 due to the long time needed for a significant penetration of hydrogen and of the related technologies in the different application fields; for that year the general framework of the energetic situation and the related emissions for EU30 are defined.
For each scenario a penetration of hydrogen in stationary and transportation markets has been assumed, and the consequent reduction of CO 2 emissions has been evaluated. In both the scenarios the major technical, social, and economic impacts deriving from the introduction of hydrogen into the European energy system have then been analyzed. Of course, the analysis has been limited to the actions and measures required to promote the H 2 technologies, without any consideration of the other technologies that, especially under scenario B, have been addressed to satisfy the final energy demand.
ENERGY SCENARIOS FOR EU30

Boundary Conditions
The green paper, in its outlines of energy strategy for the future, confirms that "there are the following challenges: energy import dependence is around 70% in 2030, renewable energy does not reach its target of 12% share of primary energy, Kyoto objectives are not met, the absence of nuclear energy would make it even more difficult to tackle climate change in the long term" (European Commission, 2000, p. 69 ).
An additional issue is the need to make forecasts that are not limited to the year 2030 as CO 2 could continue to increase in the long term. This implies that long-term strategies are to be devised in order to cope with the negative effects of planetary climate change. Measures addressing shorter time periods can be effective only if they are embedded into longer-term policies that have been specially devised to handle the above global impacts.
In order to have the possibility to compare policy effectiveness, it is helpful to characterize the related scenarios with the same general targets to be met: in other words, to create an umbrella scenario, i.e., a macroeconomic reference scenario, that in our case is characterized by the same CO 2 equivalent concentration. The achievement of the above target could be carried out through different route maps (the new scenarios), driven by the specific measures embedded in the policies.
The reference scenario can be selected looking at the IPCC (2000a, 2001) studies (available at http://www.ipcc.ch/pub/sres-e.pdf and http://www.ipcc.ch/pub/ SYRtechsum.pdf, respectively). As the number of analyses made by the IPCC is very large, they have grouped the scenarios into families, each one characterized by similar demographic, social, economic, technological, and environmental condi- tions. Between the above families, B1 is the one that better fits the green paper (European Commission, 2000) objectives. Therefore B1 scenarios are based on a high convergence of world population behavior, whose trend reaches the maximum in mid-century, and are also characterized by rapid changes in economic structures that lead to a service-and information-based economy, with reductions in material intensity and the introduction of clean and resource-efficient technologies. The above family, shown in Figure 4 , is characterized by a CO 2 emission diagram that, on the average, starts from about 8 GtC/yr from year 2000, reaches an upper level of about 11 GtC/yr around 2050, and then decreases to 2 GtC/yr after the year 2200. In terms of CO 2 concentration, this implies a stabilization around the year 2100, with values in the interval 485-680 ppm, with an average at around 550 ppm.
The above values are referred to the planetary emissions, but in order to evaluate the EU impact, regional trends are to be addressed. Unfortunately, under IPCC public documents, no specific analysis for the EU is available, but a very good approximation can be found in IPCC (2000b) , where the world is divided into four aggregate regions: the OECD90 Region for the most developed countries, the REF Region (countries undergoing economic reform), the ASIA Region, and the ALM Region (Africa and Latin America).
Selecting the OECD90 region and plotting CO 2 global emissions, normalized to 1990, in Figure 5 it is easy to verify that there is a very good agreement between the B1 curve and the EU forecasts (http://www.shared-analysis.fhg.de/Pubfr.htm) in the time interval from 1990 to 2020. This confirms that the choice of the OECD90 B1 family is adequate and that the CO 2 emission trend after 2020 can be used to define the framework for the hydrogen penetration scenarios. The figure also shows that for the time period up to 2010, the EU is unable to meet its Kyoto target without additional measures. Instead of the 8% reduction in emissions, an increase of 7% is estimated for 2010 and of 15% in 2020. This is very similar to the CO 2 projections made in the green paper (European Commission, 2000) and from the European Energy Agency (2002) (available at http://reports.eea.eu.int/topic_report_2002_1/en), where a considerable increase in CO 2 emissions is also found.
To give an idea of the effectiveness of the impact of specific measures, an interesting example is provided by the voluntary agreement between the European Commission and the car manufacturers' associations to reduce the specific emissions of new cars at an average level of 145 g CO 2 /km in 2008-2012, in order to meet the Kyoto target. The estimated overall effect on annual CO 2 emissions gives a figure of 80 Mt of CO 2 that, in relative terms, corresponds to about 2% of EU15 emissions in 1990.
Looking at Figure 5 , it is clear that Kyoto obligations are only an intermediate step for the CO 2 abatement. In the same figure a specific indication is provided on what could be the trend if the Kyoto commitment is considered as an intermediate step of the B1 scenarios. This is given by the lowest curve, which has been directly derived from the blue curve, with the additional constraint that 2010 CO 2 emissions will have a reduction of 8%. On the basis of such a curve, it is required that in 2030 the EU30 energy-related CO 2 emissions are reduced to about 3450 Mt of CO 2 from the original forecast of 5500; therefore more than 2000 Mt of CO 2 have to be eliminated. It is to be underlined that the last figure is to be considered as a minimum requirement as normally, other greenhouse emissions are added to energy emissions, but they are out of the scope of this study. In any case, to achieve such a target as the above reduction will be a formidable task. This task would probably require new and stronger measures in addition to the ones already indicated in the green paper (European Commission, 2000) .
Definition of H 2 Scenarios
To carry out the study on hydrogen penetration, two scenarios have been considered:
• scenario A (high hydrogen penetration), characterized by an early introduction of the hydrogen, expects in 2030 a relevant energy share of the hydrogen compared to the total energy consumed in the EU • scenario B (low hydrogen penetration) expects a H 2 penetration at longer timescales and leads in 2030 to a share of only a few percent of the total energy consumed in the EU.
Of course, the above scenarios can be the combined result of a large set of measures, conditions, and assumptions that play a role in the growth of the EU30. Just to give an idea, a very critical parameter is the price of the oil. In fact, any change of oil price modifies the equilibrium conditions, and the effect is that other fuels become more or less competitive. In particular, this becomes very important for H 2 as such an energy carrier can make possible higher efficiencies in final use in respect to other fuels, even not considering the environmental benefits, as it can be converted through fuel cells. Therefore whenever the oil price increases a lot, the chance to have a larger share of H 2 in final uses increases more and more. In addition, the adoption of criteria that take into account not only the cost of energy, but also energy impacts would be beneficial to promote hydrogen. In fact, if the price paid by the final users depends not only on the costs for the extraction, production, and transportation of fuels, but also on the costs paid to mitigate the negative effects and to restore the environment and the ecosystem at the original levels, this would promote the most effective solutions. Therefore the less "polluting," more efficient, easy to use and access energy sources would be privileged as a global result. In this sense this would stimulate in an extraordinary way the use of the renewable energies as they not only avoid the depletion of the planet's fossil fuel resources, but they reduce almost all the impacts.
The characterization of some indicators of the above scenario has been carried out through simple extrapolation of the data belonging to the European Commission (2003) (available at http://ec.europa.eu/dgs/energy_transport/publication/ index_en.html) whenever specific information in the green paper (European Commission, 2000) was lacking.
Description of H 2 Scenarios
Scenario A Under this scenario the H 2 becomes, already in the middle term, a relevant energy carrier. The main features of scenario A are the following:
1. Hydrogen is produced from fossil sources in centralized plants for about 100 Mt/yr, with separation and sequestration of some CO 2 (the process is assumed industrially available and economically convenient, starting from 2010), and in smaller-sized plants, where only separation of CO 2 is made for other uses. 2. Hydrogen is also produced from renewables, having an energy market of 22% in 2030 for about 23 Mt/yr. Hydrogen is mainly provided by biomasses; beyond 2020, thermochemical processes will also be possible, in particular, the technologies using solar, photovoltaic (PV), and wind processes. Hydrogen production will allow us to overcome the noncontinuity and noncontrollability of renewable sources. 3. There is a considerable development and availability in 2030 of infrastructures spread on the EU territory for the transport and the distribution of hydrogen to the different utilities, both stationary and for traction. 4. There is also an appropriate development of the industrial structures and of the necessary services for the production and the use of the different technologies (for the whole cycle of the hydrogen, from production to final use). 5. There is a significant diffusion of hydrogen vehicles in road transport (among all buses and city delivery vehicles in the first phase, and then also private cars), mainly based on fuel cells (66 million vehicles in EU30 that correspond to about 144 million equivalent cars in terms of fuel consumption). 6. Distributed generation/cogeneration fuel cell systems of different sizes
(from a few kilowatts to a few tens of megawatts) are also deployed in a considerable way. Scenario A has been made possible by a large research and development effort that has created the right conditions for high competitiveness of H 2 technology, together with the solution of safety and consumer acceptance issues. A big effort has been carried out on the EU30 territory to provide the infrastructure and services required for an effective use of H 2 , creating the conditions for a EU worldwide leading role in hydrogen-oriented technologies and, at the same time, good opportunities in terms of occupation and exports. In particular, the use of renewables has also stimulated technologies for the direct hydrogen conversion from biomasses, utilizing gasification and pyrolysis processes, and solar energy through different processes. There is also some conversion of electric energy (especially from wind and solar plants) as the electric network is unable to handle both the intermittent provision of energy from renewables, together with the very large daily mismatch between demand and supply. To this end, H 2 becomes a convenient storage means to handle peak power demands. This feature also makes interesting a decentralized production of electricity and the use of hydrogen to cover the specific local needs of energy.
Under scenario A the main production is derived from fossil fuels, in particular from methane and, in a lower share, from coal gasification. CO 2 separation and sequestration systems avoid large atmospheric releases of such gas and contribute to achieve the CO 2 stabilization target. Such systems are especially deployed in big plants for hydrogen production that are often located close to places where CO 2 can be safely sequestrated. Instead, in the lower-scale plants, closely located to the final use places, it is more convenient to separate the CO 2 and to use it for other industrial processes.
A quite large hydrogen pipeline network is available throughout the EU, although not always with the same level of capillarity for all the EU30 territory. Instead, lower-scale production plants are generally located near the places where pipeline investments are deemed too expensive, due to distance, user's number, and accessibility issues. For such plants the hydrogen distribution is mainly provided through trucks that typically transport the liquefied gas to the final delivery points.
In scenario A, many important cities are supplied with hydrogen as they have promoted the use of this fuel for transport and residential uses, due to its almost complete lack of pollutant emissions. This has encouraged a consistent migration toward the use of hydrogen vehicles, especially in order to meet the very tight pollutant emission requirements in urban areas. The conversion of the fleet to H 2 has interested all the categories of vehicles, but at different times. Initially, mainly buses were converted to hydrogen use, and in 2030, almost 80% of such means are hydrogen fuelled. A consistent share (about 40%) of light-duty vehicles (LDVs) delivering goods in the cities have also been converted, together with many captive car fleets. The market of private cars can be estimated as 15% of the overall fleet in 2030, with a total number of vehicles of about 66 million for EU30. In terms of fuel consumption and CO 2 emissions, this covers 20% of the road transport as buses and LDVs have annual mileage and specific consumption and emissions higher than private cars. In terms of annual impact, the substitution would be equivalent to the one provided by 144 million cars, i.e., about 42% of the overall car fleet.
Scenario B
Under this scenario the evolution of the energy system is more gradual and is mainly left to market forces. The scenario, although oriented to sustainability, does not expect strong actions for the development of hydrogen, whose role is limited in 2030. The main features of such a scenario are the following:
1. H 2 is produced from fossil sources for about 28 Mt/yr, in a limited number of centralized plants, with separation and sequestration of CO 2 (with the process starting from 2020), and in smaller-sized plants located near to the final user, with separation of CO 2 for industrial uses. 2. Hydrogen production from renewable sources is limited (about 3 Mton/yr). 3. Infrastructure and services have been developed only in some geographic areas and especially near to the production plants.
4. Hydrogen vehicles are mainly used in public transport and in captive fleets, where reduced problems of infrastructure are found, with a total of 14 million vehicles in EU30. 5. The penetration of hydrogen is possible only in the sectors of the stationary market, not requiring the availability of diffused infrastructures.
Under scenario B the share of renewables corresponds to 190 megatons of oil of final energy demand. The technologies for direct production of hydrogen are not competitive, and wind and PV are almost completely used for electric energy production; in fact, there is no specific need to store the converted energy as the electric grid can easily handle the changes of production. Nevertheless, in places where the connection to the grid is difficult, it becomes convenient to convert some energy into hydrogen both to locally handle the demand peaks, but also to satisfy the specific energy demands coming from different sectors.
In scenario B the hydrogen contribution to the CO 2 emission reduction is more limited than in scenario A, although the need to eliminate about 2000 Mt of CO 2 from the green paper (European Commission, 2000) forecasts remains. Therefore the constraint to capture and sequestrate the CO 2 emitted from the other combustion processes becomes more and more important. To this end, some technologies could be applied, such as the substitution of the air with pure oxygen for methane combined cycle electric production plants, having as exhausts only H 2 O and CO 2 products. In fact, in this case, CO 2 can be more easily separated and then sequestrated. This could imply that the conventional electric production plants increase their size and are located near the sequestration places, in order to make the sequestration process less expensive.
As hydrogen is produced near the places where it is used, there is not the need to build relevant infrastructures, and the delivery to the distribution places is mainly carried out through trucks and limited pipeline networks.
In scenario B, there is a relatively significant application of hydrogen to road transport due to its very good environmental characteristics. Especially public transport in the cities is converted to hydrogen use; similar behavior can be guessed for LDVs and captive fleets. In fact, such vehicles are mainly used in urban areas and can be fed from distribution points belonging to the companies that own the vehicles. These stations are also allowed to feed private cars, and this helps to create a niche market for them. It is clear that under this scenario, the use of private cars for long trips is quite hard as, especially in the extraurban areas, the hydrogen service stations are too few to reach all the destinations. The hydrogen buses are representing about 30% of the bus fleet. The H 2 -based LDV fleet consists of about 10% of the vehicle category. The market of private cars is instead a niche market, and the global share can be estimated as 3% of the over-all car fleet. In terms of consumption and CO 2 emissions the impact is about 5%, while the share of the hydrogen passenger cars is equivalent to 14 million vehicles, i.e., 3.3% of the total fleet. This corresponds to an annual CO 2 emission equivalent to 10% of the car fleet, i.e., the emissions of 35 million equivalent cars.
RESULTS AND CONSIDERATIONS
In this section the main environmental impacts resulting from the introduction of hydrogen into European society are examined for the two selected scenarios, together with the evaluation of the costs to be incurred in order to have the needed infrastructure in place.
Environmental Impacts
The main environmental benefits are climate change and atmospheric pollution in urban areas.
Climate Change
As previously indicated, the use of H 2 is the basis for CO 2 emission reduction, and this allows some control over the climate warming issue. In particular, under scenario A, the distance from the target of CO 2 emissions imposed by the IPCC family (B1 curve) is reduced to 1435 Mt, thanks to a deep effort carried out to develop the renewable energies. In this context the cumulative effect of H 2 use corresponds to an amount of 741 Mt of avoided CO 2 emissions. As the production of H 2 from fossil fuels is associated with the CO 2 separation and sequestration processes, such a specific contribution is estimated to be 593 Mt, while the remaining is provided from H 2 conversion of renewables. Looking at the final use sectors, the savings are 192 Mt from the transport sector and 549 Mt from the energy production and residential sectors.
In conclusion, in order to reach the CO 2 target, and even disregarding the consistent contribution due to H 2 renewable conversion (as it could have been already considered), only 842 Mt of additional reductions are needed under scenario A, and under the above assumptions, the use of H 2 is able to cover about 41% of the overall CO 2 reduction. Under scenario B, where H 2 introduction is mainly left to market convenience, the CO 2 target is 2341 Mt far from the IPCC curve. Therefore other provisions are required to meet the climate change requirements. H 2 can play a modest role as its introduction is able to save only 178 Mt of CO 2 , of which 161
Mt are from fossil fuel conversion. Therefore the global effect is less than 7% of the required total emission reduction. The incidence of the different sectors is 41 Mt from the transport sector and 137 Mt from the energy production and residential sectors. Under scenario B, a very big effort needs to be carried out as 2180 Mt of additional reductions are still required in order to reach the CO 2 target.
Atmospheric Pollution in Urban Areas
Another important effect of H 2 is related to its characteristics that avoid the production of noxious pollutants whenever H 2 is burned or used in fuel cells. This is very important, especially inside the cities, where big problems of air quality are to be tackled. The estimation of these kinds of benefits can be carried out by looking at the forecasts provided by EEA and, above all, the AUTOOIL II Programme (European Commission, 1999) (available at http://europa.eu.int/comm/environment/enveco/auto-oil/aopces_part3.pdf). The 2030 pollutant emission forecasts are indicated in Figure 6 for transport and energy production. The pollutants considered are nitrogen oxides (NO x ), sulfur oxides (SO 2 ), carbon oxide (CO), particulate matter (PM10), volatile organic compounds (VOC), and benzene (C 6 H 6 ).
It is to be underlined that the pollutant emission evaluation is carried out only for the urban areas, where their harmful effects are more serious for the health of the inhabitants. At this point it is possible to estimate the pollutant emission reductions that can be found under the different scenarios. In particular, for scenario A, it is assumed that for the transport sector, H 2 use interests the urban areas in a share of 70%. Instead, for the residential sector, where it can be assumed that the urban areas weight for about 50% of the total EU30 in terms of people living there, H 2 use is about 10% of the H 2 used in nontransport applications as the main share is dedicated to electricity production. For scenario B it is assumed that for the transport sector, H 2 consumption interests the urban areas in a share of 85% as the H 2 use in the sector is more restricted to public transport and the delivery of goods in the cities, and the fuel distribution points are only available in urban areas. Taking constant, for the residential sector, the share of 50% for the people living in urban areas, under scenario B, it can be forecast that HYDROGEN ECONOMY DEVELOPMENT 319 FIGURE 7 Scenario A emission reductions.
FIGURE 8 Scenario B emission reductions.
only 2% of the H 2 used in nontransport applications interests the cities. The savings of the pollutants are shown in Figures 7 and 8 , from which it is clear that the positive effects of pollutant emission reductions are significant for scenario A and quite low for scenario B. It is to be underlined that especially for scenario A, the real impact in urban areas is much higher in percentage as the entire EU30 territory is considered as reference, and therefore benefits are more consistent.
Evaluation of Investment Impact
The introduction of hydrogen as an energy carrier requires big investments, whose complete analysis is a very difficult task and is beyond the scope of this article, although a rough evaluation of the capital costs of the infrastructure for production, transport, and distribution of hydrogen can be provided.
Scenario A
Production. In this scenario the hydrogen is produced as 101 Mt from fossil fuels and 23 from renewables in 2030. It is assumed that 90% of fossil fuel hydrogen comes from centralized plants with CO 2 capture and sequestration. The primary fuels are natural gas (80%) and coal (15%), with only a residual contribution from oil (5%). The cost and size of the plants are reported in Table 1 (U.S. Department of Energy, 2002; Padro and Putsche, 1999) . From these data it can be estimated that the H 2 production from fossil fuels in centralized plants requires an investment of about 5 = 120 billion. According to literature, this size of plants is presently too small if the aim is to optimize the cost of hydrogen transport and CO 2 sequestration. Therefore a viable solution could be that the plants are designed as a set of identical modules that can be added from time to time to increase the plant size, with a reduction of capital cost. The investment for CO 2 sequestration has been estimated around 5 = 17-26 billion for specific costs ranging between 5 = 20 and 5 = 30/ton of CO 2 removed.
About 10% of hydrogen from fossil fuel is produced in small, distributed plants using natural gas. Their size can range from less than 10,000 Nm 3 /d for a refueling station to 100,000 or more when hydrogen is supplied to different users. The cumulative investment required is around 5 = 10 billion. The evaluation of the investment for production from renewables is more complicated due the variety of possible technologies and the difficulty in outlining their trend in the long term. Even if it is assumed that a mix with a considerable contribution from biomasses (about 25%) and a strong reduction in capital costs for the other technologies (for instance, cost of PV = 5 = 1000/kW, cost of electrolyzers = 5 = 500/kW, etc.), their costs will remain at least 3 or 4 times higher than fossil fuel plants. The main reason is the discontinuity of solar and wind energy that reduces the overall process availability; for instance, it can be assumed that a solar plant is available for operation no more than 8-10 h/d. Therefore the investment required for the production of 20% of hydrogen from renewables is about the same as the production from fossil fuels. In summary, the total investment expected for production of hydrogen in scenario A is around 5 = 250 billion.
Transport and distribution.
Under scenario A, hydrogen from centralized plants is transported to the users through a well-developed pipeline network. It seems reasonable to assume that the network size is at least 30% of the one presently used for natural gas. For instance, considering Italy, where there are presently about 30,000 km of natural gas pipelines, this means that a 10,000-km hydrogen pipeline will be present in 2030. With a cost of 0.8 M5 = /km, only in Italy, an investment of about 5 = 8 billion would be required. A EU30 rough estimate will give a figure around 5 = 100 billion.
Another component of the infrastructure is related to the refueling stations. In scenario A the H 2 road vehicles are 66 million in 2030. Assuming that each station serves 1,500 vehicles per day (this figure is a little lower than present gasoline stations due to the longer refueling time required), the number of stations required in Europe becomes 44,000. With an average cost of 0.4 M5 = /station (without on-site production of hydrogen, already included in the production cost) the investment required is around 5 = 17 billion. The global figure will reach 5 = 80 billion with on-site production, with an average cost of 1.8 M5 = for each station. In summary, the total investment required in scenario A for production, transport, and distribution is over 5 = 350 billion.
It is clear that this huge investment is distributed over a long period (20-25 years), but anyway, a big effort has to be made in the first period to make H 2 appealing for users and to ensure the right conditions for the growth of the market.
Scenario B
Production. In this scenario 31 Mt of hydrogen are produced in 2030, 28 from fossil fuels and 3 from renewables, with 70% of hydrogen coming from fossil fuel centralized plants with CO 2 capture and sequestration. The fuel used is natural gas (90%), with a residual contribution from coal and oil (10%).
With the same capital costs used in scenario A for the different types of plants the production from fossil fuels requires an investment of about 5 = 22 billion for centralized plants and 5 = 9 billion for distributed plants. The additional cost for CO 2 sequestration ranges between 5 = 4 billion and 5 = 6 billion.
The production from renewables (3 Mt) is used only in niche markets, with the cost of a plant not lower than the one in scenario A. An investment of about 5 = 17 billion can be estimated. Therefore the total investment for production is around 5 = 50 billion.
Transport and distribution.
As far as transport is concerned, in scenario B the development of a hydrogen network is limited, with few centralized plants connected by pipeline only with large users. The length of the network is estimated as 15,000 km for the entirety of Europe, with an investment of about 5 = 12
billion. The number of hydrogen vehicles is around 14 million. Assuming that each station serves 1000 vehicles per day, with a cost of the station a little higher than in scenario A, 14,000 refueling stations have to be deployed in EU30, with an investment of about 5 = 7 billion for stations without on-site production (already included in production capital costs) and of about 5 = 28 billion with on-site production.
The total investment in scenario B is around 5 = 70 billion. The cost of infrastructure (in billions 5 = ) for both scenarios is summarized in Table 2 .
It is to be stressed that looking to the two scenarios from another point of view, it is possible to assume that scenario A is ahead a few years with respect to scenario B. Therefore if comparable final targets in terms of hydrogen share are to be achieved, other heavy investments will be required for scenario B in the years beyond 2030, and therefore the cost difference between the scenarios will decrease afterward. In addition, under scenario B analysis, the additional means used to cut the CO 2 emissions to make the two scenarios similar are not taken into account. This implies that also, for scenario B the investment costs (even if not related to H 2 ) will be very high and similar to the ones of scenario A.
Final User Impact
Among the last considerations, it is to be underlined that the H 2 technologies will get a consistent market share only if the final users are in the condition to trust H 2 's real effectiveness and advantages. Therefore H 2 success requires that strong attention is dedicated to inform and to promote such fuel and its related technologies to citizens. Even if at first glance it could appear that the effort should be proportional to the share of H 2 present in the market, the real situation is different. In fact, in order to provide enough appeal for H 2 technologies, efforts are to be carried out well in advance of the presence of a consolidated market. Under this perspective, the two scenarios are very similar in terms of measures, while the main difference is that scenario A has nearly completed the effort, while scenario B is still in progress.
Information and Marketing
For H 2 success on the energy market it is absolutely necessary to provide citizens with the following:
• a clear indication of the benefits and disadvantages through transparent communication (i.e., newspapers, media, schools, workshops, etc.) toward the public, to create from the very beginning the adequate technology acceptability framework • direct involvement of the users, especially the ones that have already tested the technologies, as active partners in communication campaigns, spreading their experience to other people as real experience can weight more than any marketing campaign • consistent subsidies that help the market take off, especially during the first introductory period • assurance that retailers and service providers are committed to the H 2 diffusion; in fact, their enthusiasm or reluctance about the new technology is crucial for the success of the technology since these categories are vital for a durable satisfaction of final users.
Timing and Monitoring
It is important to remember that any new technology introduction is attained gradually and cannot be forced in an untimely manner. Therefore it is essential that a market introduction program be scheduled for a long period, to create the right framework conditions that allow afterward the market to grow without additional incentives. The H 2 market introduction must be in place long enough and funded at a consistent level in order to form a reliable basis for planning viable development trends of technology demand and supply.
Under the early phase, it is very important that significant resources are allocated for continuously monitoring H 2 technology successes and failures, adjusting and readdressing the applied measures dependent upon specific results.
Therefore different types of measures, coupled with well-designed deployment planning, government leadership, and appropriate enforcement of H 2 specific market targets, are essential elements of a successful H 2 market introduction. In order to achieve this goal, there is the need that in addition to big government investments, private and public partnerships among all the main stakeholders be created as this is a key issue to effectively promote the fuel's diffusion.
FINAL CONSIDERATIONS
In order to provide a complete analysis of H 2 impact, many different issues should be tackled, but this is very hard due to the long time horizon. Therefore only a few of the following points have been taken into account in this article, but they need to be fully stressed to make a reliable analysis of H 2 's capability to be a future viable and effective energy option. Among the steps that need to be analyzed are the following:
• the quantification of the energy and environmental benefits/drawbacks of increasing penetration of hydrogen, including a correct and reliable assessment of externalities • the development of new equipment from industry, depending mainly on renewable energy use and carbon sequestering, in case of hydrogen production from fossil fuels, that can create new jobs and markets • the development of appropriate distribution and maintenance networks for the new systems and equipment in the light of the availability of economic resources for these new infrastructures • in-depth risk assessment and safety studies • the development of regulatory frameworks and relevant codes and standards to ensure product quality and safety, together with support services, such as insurance • the analysis of the effect on employment of changing industrial and commercial structures
• the provision of skilled human resources to design, build, and maintain these new energy systems (this has extensive education and training implications)
• the promotion of public understanding and acceptance of hydrogen as an energy carrier.
The above list is just to remind the reader how big the challenge is; therefore many other aspects could be considered for sake of completeness in order to have a new society based on hydrogen.
In any case the above results indicate that there is a clear chance to introduce hydrogen in European society as this energy carrier can give an essential contribution to lower greenhouse gases and atmospheric pollution in the cities, especially if significant shares of the energy demand require the use of fossil fuels. With this aspect, hydrogen is to be considered a really unavoidable option to reach a sustainable growth of our society. This is important also considering that a transition toward a new society based on hydrogen requires important changes in people's behavior, with more attention paid to environmental issues and a more awake use of energy, in order to avoid waste and related hazards to the life of the planet. On the other side, the use of hydrogen could constitute an important boost to foster the development of new technologies, creating new markets and jobs, allowing in such a way to keep the quality of life high in Europe.
